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Classical and channel-like urate transporters in rabbit renal
brush border membranes
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Classical and channel-like urate transporters in rabbit renal brush
border membranes. The precise mechanism by which urate is trans-
ported across rabbit renal proximal tubule luminal membranes has not
been defined. To determine whether urate flux across this membrane
represents simple diffusion or transport on specific carriers, urate
uptake was examined in brush border membrane vesicles that were
prepared by a Mg-aggregation technique and then exposed to CuCI2.
Na-independent, voltage sensitive urate transport was demonstrated
in these Cu-exposed vesicles. Transport was trans-stimulated by
urate and cis inhibited by pyrazinoic acid and oxonate. A small fraction
of transported urate and urate in the extravesicular fluid was oxidized to
allantoin. Kinetic analysis revealed the presence of two kinetically
distinct transporters; a channel-like carrier that was inhibited by
pyrazinoic acid and oxonate, and a high-affinity, classical, saturable
carrier that was inhibited by higher concentrations of oxonate. These
studies provide the first direct evidence for carrier-mediated urate
transport in rabbit renal brush-border membranes and demonstrate that
the rabbit transporter(s) share a number of properties with the urate
uniporter in rat proximal tubule cell membranes.
There is now considerable evidence that carrier-mediated
transport processes are responsible for the translocation of
urate across both the brush border [1—3] and basolateral [1, 2, 4]
membranes in rat renal proximal tubules. Since the rabbit, like
rat, transports urate bidirectionally in the proximal tubule
[5—13], it might be assumed that similar mechanisms would be
responsible for transport in the kidneys of these two mamma-
lian species. However, evidence for this similarity has been
lacking. Based on studies in rabbit renal cortical slices [5, 9, 14],
separated tubules [15, 16] and isolated proximal tubules [6, 7,
12, 13, 17] it has been inferred that transport is facilitated at the
basolateral membrane since urate accumulates within cells
when basal aspects of cells are exposed to urate. However, to
date, the precise mechanism by which urate crosses the baso-
lateral membrane against an electrochemical gradient remains
undefined. Several laboratories have attempted to more directly
assess the mechanism of urate flux across the luminal mem-
brane of rabbit kidney by characterizing transport in brush
border membrane vesicles (BBMV) derived from proximal
tubules. This approach has yielded conflicting conclusions:
vesicular urate uptake has been ascribed to simple diffusion
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[18], to a non-saturable, but temperature dependent process
that is sensitive to sulfhydryl reagents [19], and to a Nat-
independent, non-saturable, voltage sensitive process, perhaps
a channel-like carrier, that is inhibited by the organic anions
PAH and probenecid [20]. Furthermore, urate:anion exchange,
one modality of carrier-mediated urate transport reported in
both brush border [3] and basolateral [4] membranes of rat
kidney, has been looked for, but not detected in rabbit brush-
border vesicles [20, 21].
Although the above evidence certainly suggests that the
mechanisms of transport in rat and rabbit are distinctly differ-
ent, we chose to evaluate the possibility that the rabbit pos-
sesses an alternate modality of carrier-mediated urate trans-
port, a potential sensitive urate uniporter similar to that which
we previously reported in rat renal cortical brush-border and
basolateral membrane vesicles [1, 2]. Since this mode of trans-
port was only unmasked when rat vesicles were exposed to
trace amounts of copper, the present studies employed the
same strategy with brush border vesicles prepared from rabbit
renal cortex. Under these conditions Nat-independent, poten-
tial sensitive urate transport and accelerated homeoexchange
diffusion were detected in rabbit vesicles. Transport reflected
the sum of two phenomena. One component of uptake was
consistent with a high affinity, classical saturable carrier. The
second was consistent with a channel-like carrier: uptake was
non-saturable, but inhibitable with alternate organic acid anions
(PZA and oxonate). These studies thus provide the first evi-
dence that the rabbit brush-border membrane does possess
specific processes for urate transport which share some prop-
erties with the proximal tubule brush-border urate uniporter in
rat.
Methods
Membrane isolation
Kidneys were harvested from adult New Zealand white
rabbits of either sex that were anesthetized with an intramus-
cular injection of xylazine (Rompun, 5 mg/kg body wt; Mobay
Corp., Shawnee, Kansas, USA) and ketamine hydrochloride
(Ketalar, 35 mg/kg body wt; Parke-Davis, Morris Plains, New
Jersey, USA). Renal cortical BBMV were isolated by the Mg +
aggregation method of Booth and Kenny [22] with the modifi-
cations of Aronson [23]. The purified BBMV were suspended in
300 m'vi mannitol, 10 mrt Tris, 16 mrt Hepes at pH 7.5 without
Mg at a protein concentration of 5 to 10 mg/ml. Protein
concentration was determined by the method of Lowry et al
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[24]. The purity of the membrane preparation was assessed by
comparing the activities of alkaline phosphatase, a brush border
membrane marker, and Na/K-ATPase, a basolateral mem-
brane marker, in the homogenate and membrane vesicles. The
enrichment of alkaline phosphatase, 9.0 0.37 fold (determined
with the Sigma test kit) and dc-enrichment of Na/K-ATPase
(assayed as K-dependent p-nitrophenyl phosphatase [25]) in
brush border vesicles was comparable to that previously re-
ported [26].
Time course of urate uptake
Unless otherwise stated vesicles were exposed to CuCI2 (140
nm Cu k/mg protein) and incubated on ice for 30 to 60 minutes
prior to the start of each experiment. Uptake experiments were
initiated by addition of 50 jzl aliquots of vesicles to 450 p1 of
incubation media (at 25°C) containing 50 /.M [2-'4C] urate
(Amersham Corp., Arlington Heights, Illinois, USA, sp act 49.1
mCilmmol), 100 ifiM mannitol, 100 mM NaC1, 10 mM Tris-
Hepes, and 100 M CuC12 at pH 7.5; copper was added to the
incubation medium immediately prior to the addition of the
vesicles. In some studies, uptake was compared in the presence
and absence of copper. In the latter studies Cu -free vesicles
were incubated in Cu-free media. As the magnitude and
pattern of urate uptake were comparable in fresh and frozen
(—70°C) BBMV, results of these studies have been pooled.
At specified times 50 p1 aliquots were removed from the
medium, diluted into 4 ml of ice-cold stop solution (154 mri
NaCI, 10 mrt Tris-Hepes at pH 7.5), and simultaneously filtered
through 0.65 m Millipore filters to terminate uptake. Immedi-
ately thereafter the filters were rinsed with an additional 12 ml
of the same ice-cold solution. The filters were dried and
dissolved in 10 ml of scintillation fluid (ACS; Amersham Corp.).
The radioactivity of each filter was measured in a Packard
Tri-Carb Spectrometer (model 4430; Packard Instrument Co.,
Downers Grove, Illinois, USA). Uptake was calculated from
the disintegrations per minute (dpm) that accumulated on the
filters, the specific activity of urate in the medium, and the
protein concentration of the vesicles. Uptakes were corrected
for non-specific binding of urate to the filters (filter blank) by
subtracting the dpm at time zero from the dpm measured at
each subsequent time point.
At the termination of each experiment the media and intra-
vesicular fluids were chromatographed [27] to determine if
[2-'4C] urate was oxidized to [2-'4C] allantoin. Intravesicular
fluid was harvested by methods previously described [1, 2].
Since copper, per Se, oxidizes urate non-enzymatically [28], in
each study identical media were incubated for a comparable
duration, but without vesicles, and then chromatographed to
determine the magnitude of urate oxidation. The fraction oxi-
dized was subtracted from that induced by media containing
vesicles to estimate the extent of membrane-associated oxida-
tion.
Assessment of binding
The extent of binding of urate to the membranes was deter-
mined in Cu-free and Cu-exposed vesicles that were
incubated in Cu-free and Cu -containing (100 ILM) media of
increasing osmolarity. Media contained 50 jSM [2-'4C] urate, 100
mM mannitol, 100 m NaC1, 10 mrvi Tris-Hepes at pH 7.5 with
or without 0.1 m oxonate. Osmolarity was increased by
addition of sucrose or mannitol at time zero or after 10 minutes
of incubation in the 300 mOsm media. In the latter studies urate,
NaC1, Tris-Hepes, and oxonate were maintained at
identical concentrations prior to and following the increments in
osmolarity. The percent bound (90 mm after osmolarity was
increased) was calculated as the extrapolated value at infinite
osmolarity relative to uptake in isosmotic media.
Assessment of driving force for urate uptake
Effect of accompanying cation. The time course of urate
uptake was determined in paired Cu-exposed vesicles in the
presence of an inward 100 mri NaCl or KC1 gradient. The
incubation media contained 50 LM [2-14C] urate, 100 mM
mannitol, 100 mri NaCI or 100 mrvt KCI, 10 mM Tris-Hepes and
100 M CuC12 at pH 7.5.
Effect of modification of sulfizydryl groups. Paired vesicles
were untreated or treated with 20 ifiM dithiothreitol (DTT) for
10 minutes. Thereafter, aliquots of the untreated and DTT
treated vesicles were exposed to Cu' and then incubated in
media prepared with 100 pM CuCl2. Additional aliquots of
untreated and DTT treated vesicles were maintained Cu-free
and subsequently incubated in Cu-free media. The time
course of uptake was compared in media containing 67.5 sM
[2-'4C] urate, 300 mti mannitol or 100 mM mannitol, 100 ifiM
KC1, 10 mM Tris-Hepes at pH 7.5. The time course of uptake of
D-[6-3H(N)] glucose (6.4 CiInmol; New England Nuclear,
Boston, Massachusetts, USA) was also examined in untreated
and DTT pretreated Cu -exposed vesicles. In these studies
the media contained 50 sM D-glucose, 100 mi mannitol, 100
mM NaCl, 10 mi Tris-Hepes and 100 sM CuCI2 at pH 7.5. In
additional experiments uptake was measured in paired Cu -
exposed vesicles (without Dri') at 10 and 30 seconds of
incubation in media containing 62.5 M [2-14C] urate, 300 mri
mannitol, 10 mM Tris-Hepes, 100 tM CuCl2 at pH 7.5 with and
without 100 M carbonyl cyanide p-(trifluoromethoxy) phenyl-
hydrazone (FCCP). Since FCCP was dissolved in ethanol, a
comparable volume of ethanol was added to media which were
prepared without FCCP.
Effect of mod jfication of the membrane potential. Uptake
was measured in paired Cu -exposed vesicles (70 nm
Cu /mg protein) at 20 seconds and one minute of incubation in
media containing 50 M [2-14C] urate, 100 mi mannitol, 100 mM
KC1, 10 m Tris-Hepes, 50 M CuCI2 at pH 7.5 with and
without 50 g valinomycin/mg protein. Since valinomycin was
dissolved in ethanol, a comparable volume of ethanol was
added to media which were prepared without valinomycin. In
additional studies uptake was determined in Cu-exposed
vesicles at 60 minutes of incubation in 50 p.M [2-'4C] urate, 100
mM mannitol, 100 m NaCI, 10 mrs Tris-Hepes, 100 p.M CuCl2
at pH 7.5. Immediately thereafter media were pulsed with a
volume of 400 mi NaSCN that resulted in a 10 m increase in
the concentrations of Na and SCN. To control for the
increase in osmolarity, paired media were pulsed with an
equivalent volume of 400 mrvi NaCl. Uptakes were compared at
30 seconds and one minute of incubation after addition of the
salts.
Trans-stimulation of urate uptake
Paired Cu-exposed vesicles were preincubated for 60
minutes at 25°C in solutions containing either 100 m mannitol,
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100 mM NaCI, or 300 mrs mannitol in 10 mrs Tris-Hepes, 100
LM CuCI2 at pH 7.5 with or without 1.0 mM urate, 1.0 mM
pyrazinoate (PZA), or 1.0 mri oxonate. At 60 minutes, vesicles
that were preincubated in NaC1 were diluted 20-fold into
incubation media containing 55 sM [2-'4C] urate, 100 mM
mannitol, 100 mrs NaCl, 10 mM Tris-Hepes, 100 M CuCl2 at
pH 7.5. To assess the possibility that trans-stimulation in
preloaded vesicles is dependent on a positive membrane poten-
tial rather than electroneutral exchange diffusion, two addi-
tional series of studies were performed in preloaded and un-
loaded vesicles that were preincubated in mannitol (without
NaC1). First, preloaded and unloaded vesicles were diluted
40-fold into incubation media containing 30 M [2-14C] urate,
100 mM mannitol, 100 mtt KC1, 10 mrsi Tris-Hepes, 100 LM
CuCl2 at pH 7.5 with 50 g valinomycinlmg protein. Second,
preloaded and unloaded vesicles were diluted 40-fold into media
containing 30 /LM [2-'4C] urate, 300 mts mannitol, 10 mM
Tris-Hepes, 100 M CuC12 at pH 7.5 with or without 100 M
FCCP. Since the urate concentration of the incubation media
was raised upon addition of urate preloaded vesicles, the
specific activities of the media were equalized by including
unlabeled urate in incubation media for paired unloaded vesi-
des. The media concentrations of PZA and oxonate were
similarly equalized by including PZA or oxonate in the respec-
tive incubation media for paired unloaded vesicles. Urate
uptake was determined in preloaded and unloaded vesicles by
methods detailed above.
Cis inhibition of urate uptake
Uptake was measured in paired Cu-exposed vesicles in
media containing 50 sM [2-'4C] urate, 100 mrs mannitol, 100 mM
NaCI, 10 mts Tris-Hepes, and 100 5M CuCI2 at pH 7.5 with or
without 0.025 mM oxonate, 0.1 mM oxonate, or 0.5 mM PZA.
Uptake was determined at specific time points by methods
detailed above. To evaluate whether cis inhibition of urate
uptake could result from partial collapse of the membrane
potential via uptake of alternate anions, the fluorescent poten-
tially sensitive probe 3,3'-dipropylthiacarbocyanine iodide [diS-
C3-(5)] [29] was used to compare the membrane potential in
Cu
-exposed vesicles in the absence and presence of oxonate.
Fluorescence was continuously monitored before and after the
addition of oxonate (final concentration 0.5 mM) to 1 ml of
media containing 100 g vesicles, 3 M diS-C3-(5), 100 mtvt
mannitol, 100 mri KC1, 10 mri Tris-Hepes and 3 M valinomy-
cm at pH 7.5.
Kinetic analysis
In paired experiments 10 il Cu -exposed vesicles were
added to 40 d media containing 5.3 to 175.4 j.M [2-'4C] urate,
100 mM mannitol, 100 mri NaCl, 10 mts Tris-Hepes, 100 sM
CuCI2 at pH 7.5, with or without 0.1 mM oxonate. Initial rates
were determined from the slope of the regression line of uptake
[30] determined at 3, 6, 9, and 12 seconds. As uptake was linear
for 20 seconds, uptakes were only measured at 10 seconds of
incubation in studies in which kinetics were examined with and
without 0.5 mrvt PZA or 2.0 mri oxonate. Uptake was stopped
by addition of 3 ml of ice-cold stop solution to the incubation
tube. Immediately thereafter the contents of the tube were
rapidly filtered. The tubes and filters were each rinsed with an
additional 6 ml. Uptake was determined by methods detailed
Time, minutes
Fig. 1. Time course of (2-'4C1 urate uptake in Cu-free (0) and
Cu-exposed (•) vesicles in the presence of an inward 100 mM NaCI
gradient. Cu-free vesicles were incubated in Cu-free media;
Cu-exposed vesicles were incubated in media containing 100 M
CuCI2. Data represent the mean sa of 5 paired studies; where not
depicted, the SE was included within the space of the symbol.
above. The apparent affinity (Km) for urate, maximal velocity
(Vmax) and diffusion constant (Kd) were determined using
non-linear regression analysis (Enzfitter; Elsevier-BIOSOFT,
UK) of the Michaelis-Menten representation of the data. The
non-saturable component of uptake was calculated as Kd X [S];
the saturable component of uptake was calculated as [total
uptake — non-saturable uptake].
Statistical analysis
In each experiment studies were performed and analyses
were made on triplicate or quadruplicate samples of vesicles.
The mean of these determinations provided one value in the
calculation of the mean for all experiments. Data are expressed
as means SE. Student's t-test was used to determine statistical
significance. Regression lines were calculated by the method of
least squares.
Results
Uptake studies
In preliminary studies uptake was measured in vesicles
exposed to varying concentrations of copper; the magnitude of
urate uptake was directly related to the amount of copper added
to the vesicles and the media. Because 100 sM CuCI2 stimulated
uptake to levels observed in rat [1], this concentration was used
in all subsequent studies unless otherwise stated. Figure 1
depicts the time course of urate uptake in five paired studies in
Cu -free and Cu k-exposed vesicles (140 nm Cu k/mg pro-
tein) in the presence of an inward NaC1 gradient. Uptake was
minimal in Cu-free vesicles. At each time point uptake was
markedly stimulated and significantly higher in Cu -exposed
vesicles. This effect of copper could not be ascribed to enlarge-
ment of the intravesicular space since the intravesicular vol-
ume, estimated from glucose uptake at equilibrium, was not
significantly different in paired Cu k-exposed and Cu -free
vesicles (1.30 0.27 and 1.39 0.26 dJmg protein, respec-
tively, N = 10). Based on the mean intravesicular volume and
media urate concentration (50 tM), urate uptake should only
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approximate 65 pm/mg protein if chemical equilibrium was
achieved. While urate uptake approximated this value in Cu -
free vesicles, as illustrated in Figure 1, uptake was consistently
manyfold in excess of chemical equilibrium in Cu-exposed
vesicles. Intravesicular urate concentration could appear to be
above chemical equilibrium if the accumulated radioactivity
primarily represented [2-'4C] allantoin, the product of urate
oxidation, rather than [2-14C] urate per se. A small fraction of
intravesicular radioactivity (6.99 0.76%) was in the form of
[2-14C] allantoin at 60 minutes of incubation; however, the
amount of allantoin accumulated was clearly inadequate to
account for urate uptake above chemical equilibrium.
Urate transport versus binding
Two strategies were used to assess the possibility that urate
uptake above chemical equilibrium reflects extensive binding
rather than transport. First, in osmotic reactivity studies in
which osmolarity was increased at time zero, 4.1 2.2% and
22.6 1.9% of uptake represented binding in Cu-free (N =
3) and Cu-exposed vesicles (N = 5; Fig. 2), respectively.
Thus, the Cu k-dependent increase in urate uptake is, in part,
consequent to an increase in binding. However, it has been
reported that the extent of binding may be underestimated
because binding sites for some substrates may be obscured
when vesicles shrink, such as: when shrunken at time zero
phosphate binding is insignificant; when shrunken after phos-
phate has accumulated (peak of the overshoot), binding repre-
sents 85% of uptake [31]. To evaluate the possibility that urate
binding sites may also be obscured, and therefore significantly
underestimated, additional data were obtained in vesicles that
were allowed to accumulate urate for 10 minutes (to values
approximately 37-fold above chemical equilibrium) prior to
osmotic shrinkage. Under these conditions the percent urate
bound was somewhat higher, 38.3 1.7% (N = 3; Fig. 2) but,
in contrast to phosphate [311, clearly inadequate to account for
uptake above chemical equilibrium. Subtraction of the bound
moiety from total urate uptake yields a value that is still at least
20-fold in excess of chemical equilibrium. Indeed, binding
would have to approximate 98% of total uptake for intra- and
extravesicular urate to be in chemical equilibrium.
Driving force for urate uptake in excess of chemical
equilibrium
Effect of accompanying cation. In five paired studies urate
uptake was significantly higher (13.8 1.1%) at each time point
(during 60 mm of observation) in the presence of KC1 than in the
presence of NaCl (not depicted). This finding indicates that
urate uptake is not a "Nat-dependent" process. Since mem-
brane ionic permeability to K exceeds that of Na and Cl in
Cu-exposed vesicles [32], the vesicle interior should be more
electropositive in the presence of KCI than NaCl. In this
context, the greater uptake in KC1 containing media suggests
that urate uptake may be driven, in part, by the membrane
potential.
Effect of modification of suljhydryl groups. As depicted in
Figure 3A, in paired Cu1 k-exposed vesicles uptake was higher
in the presence of KCI than in the absence of any salt (N = 3).
However, in both the absence and presence of KCI, uptake
significantly exceeded chemical equilibrium. To assess the
possibility that concentrative uptake (in the absence of KCI) is
driven by an inside positive H diffusion potential that is
generated by copper's oxidation of membrane sullhydryl
groups [33], vesicles were treated with dithiothreitol (DTT), a
reducing agent that protects sulthydryl groups [34], prior to
exposure to Cu If release of protons was a driving force for
concentrative urate uptake, DTT should prevent or limit the
generation of such potentials. As depicted in Figure 3A, DTT
completely prevented the Cu k-induced stimulation of urate
uptake in both the presence and absence of KC1.
Although DTT did not modify urate uptake in Cu k-free
vesicles (not depicted), additional evidence was sought to
ensure that DTF did not merely non-specifically inhibit mem-
brane transporters. In Cu k-exposed vesicles glucose uptake
occurred without an overshoot despite the presence of an
inward 100 mrs'i NaC1 gradient (Fig. 3B). In contrast, a distinct
glucose overshoot (5.7 1.2-fold, N 3) was evident in paired
Cu k-exposed vesicles that were pretreated with DTT and
incubated in identical media (Fig. 3B). The "recovery" of a
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Fig. 2. Osmotic reactivity studies. Open circles represent mean SE of
data obtained when osmolality was increased at time zero: urate uptake
in isosmotic media (designated 100%) was 3318 460 pm/mg protein(N = 5). Solid circles represent mean SE of data obtained when
osmolality was increased after an initial 10 minute incubation in
isosmotic media: urate uptake in isosmotic media (designated 100%)
was 4833 554 pm/mg protein (N = 3). Where not depicted, the SE was
included within the space of the symbol.
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glucose overshoot in DTT treated vesicles indicates that DTT
did not nonspecifically perturb membrane transporters. Rather,
the differences in both glucose and urate uptake in untreated
and DTT treated vesicles are consistent with a change in
membrane potential. In Cu -exposed vesicles the generation
of an inside positive H diffusion potential would oppose
Nat-glucose cotransport (Fig. 3B) but act as a driving force for
the concentrative uptake of negatively charged urate (Fig. 3A).
Conversely, preventing the generation of this membrane poten-
tial by protecting against oxidation of sulfhydryl groups with
DTT would permit electrogenic Nat-glucose transport (Fig.
3B), but obliterate the driving force for urate uptake (Fig. 3A).
To further assess the likelihood that an H diffusion potential
is generated by copper's oxidation of sulthydryl groups (which
then stimulates urate uptake), urate uptake was compared in
salt-free media in the presence and absence of the protonophore
FCCP. In three paired studies urate uptake was significantly
reduced in the presence of FCCP at 10 and 30 seconds of
incubation (35.3 10.7 and 31.4 10.2%, respectively). This
reduction in urate uptake, in the presence of an agent that
creates a leak path for protons, is consistent with a decrease in
the electrical driving force for urate uptake due to collapse of an
inward H gradient and inside positive H diffusion potential.
Although uptake appears to be driven by an H diffusion
potential in the absence of KCI, it is necessary to implicate a
supplemental or alternate, more potent driving force for the
additional stimulation of urate uptake that was evident in the
presence of an inward 100 mrt KC1 gradient (Fig. 3A). As noted
above, the ionic permeability to K exceeds that of Cl— in
Cu k-exposed vesicles [32]. Moreover, a number of sulfhydryl
reactive heavy metals, including Cu, have been demon-
strated to specifically increase the ionic permeability of K in
renal proximal tubules [35]. Thus, an inside positive K diffu-
sion potential, of greater magnitude than the H diffusion
potential, is likely to provide the driving force for stimulating
urate uptake to levels above that observed in the absence of
KCI (Fig. 3A). In so far as the magnitude of the stimulating
effect of KCI was profoundly diminished in DTT pretreated
Cu-exposed vesicles (Fig. 3A), it is proposed that ionic K
and C1 permeability may be, in part, dependent on the
presence of critical sulfhydryl and disulfide bonds within the
membrane. In this context, the "recovery" of the glucose
overshoot in DTT pretreated vesicles is likely to reflect an
increase in ionic Cl permeability as well as the elimination of
the inside positive H diffusion potential.
Effect of modification of the membrane potential. In four
paired studies urate uptake was significantly increased at early
time points (20 sec and 1 mm) when an inside positive K
diffusion potential was produced by an inward 100 mrs K
gradient and the K ionophore valinomycin (Fig. 4A): 10
minute uptakes were indistinguishable in the presence and
absence of valinomycin. Imposition of an inside negative po-
tential by addition of the lipophilic anion SCN, after intrave-
sicular urate concentration had attained a level which was
above chemical equilibrium, resulted in urate efflux (N = 4;Fig.
4B). The amount of urate that effiuxed in one minute approxi-
mated 70% of that which had been taken up the vesicles during
the initial minute of uptake. Rate limited urate transport, rapid
dissipation of the 10 m SCN gradient, and a reduction in the
magnitude of the SCN potential due to the presence of the
above-described opposing diffusion potentials may have limited
the quantity of urate that effluxed. It is of note however, that the
absolute amount that effluxed, 426 129 pm/mg protein, was
6.55-fold more than the 65 pm/mg protein that would be
expected if intra- and extravesicular urate concentrations were
in chemical equilibrium. These cumulative findings indicate that
urate transport is sensitive to and significantly modified by
changes in the membrane potential and suggest that inside
positive diffusion potentials provide an electrical force that
drives urate uptake above chemical equilibrium.
Mechanism(s) of urate uptake
Figure 5 depicts uptake in urate preloaded vesicles relative to
uptake in paired unloaded vesicles in the presence of an inward
NaCI gradient (Fig. 5A; N = 3), an inward KCI gradient plus
valinomycin (Fig. SB; N = 5), and absence of either NaCI or
KCI but presence of FCCP (Fig. SC; N = 4). In each experi-
mental condition uptake was significantly stimulated by urate in
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Fig. 3. (A) Time course of[2-'4C1 urate
uptake in the presence of an inward 100 mM
KG! gradient (•, A) and in absence of salt
(0, L) in 3 paired studies in Cu4-exposedi vesicles that were either untreated (0, I) or0.15 — pretreated with DTT (A, A). (B) Time course
—D
ofD-[6-3H(N)] glucose uptake in the presence
of an inward 100 mrc NaC1 gradient in 3
0 .'—.—-i paired studies in Cu-exposed vesicles that
0 20 40 60 0 2 4 6 8 10 30 were either untreated (0) or pretreated withDTT (U). Data represent mean se; where
Time, minutes not depicted, the SE was included within thespace of the symbol.
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Fig. 5. [2-'4C] urate uptake in urate (1 mM) preloaded Cu k-exposed
vesicles relative to uptake in unloaded Cu-exposed vesicles. (A) One
minute relative uptake in vesicles preincubated and incubated in the
presence of 100 mrs NaCl (N = 3); (B) one minute relative uptake in
vesicles preincubated in 300 ms mannitol, without NaCI, and incubated
in media containing 100 ms KC1 and valinomycin (N = 5); and (C) 30
second relative uptake in vesicles preincubated in 300 mM mannitol,
without NaCI, and incubated in the same media with FCCP (N = 4).
Data represent the mean s of paired studies.
the trans position. In the presence of K and valinomycin, a K
diffusion potential will dominate and clamp the voltage at
comparably positive values in preloaded and unloaded vesicles.
In the presence of FCCP, the H diffusion potential will
collapse (evidenced by 30.5 9.3% and 45.5 9.4% reductions
in uptake in loaded and unloaded vesicles, respectively) and
Fig. 4. (A) Percent stimulation of[2-'4C]
urate uptake in Cu-exposed vesicles (70 nm
Cu/mg protein) in the presence of an
inward 100 mM KC1 gradient and valinomycin
relative to uptake in the same media without
valinomycin. Twenty seconds and one minute
uptakes in the absence of valinomycin were
170 23 and 312 32 pm/mg protein,
respectively. Data represent mean SE of 4
paired studies. (B) Percent change in 60 mm
[2-'4C1 urate uptake (efflux) in Cu-exposed
vesicles following addition of 10 mat NaCI
(hatched bars) or 10 mat NaSCN (solid bars).
Uptake at 60 minutes immediately prior to
anion addition was 2066 167 pm/mg protein.
Data represent mean SE of 4 paired studies.
*statistically significant change in uptake (P <
0.05).
clamp the voltage at comparably reduced values in preloaded
and unloaded vesicles. The finding that uptake was significantly
accelerated in loaded vesicles despite the K and valinomycin
or FCCP voltage clamps thus indicates that trans stimulation
cannot simply be ascribed to a greater electrical driving force
for urate uptake in the loaded vesicles, but rather indicates that
trans stimulation represents accelerated uptake via electroneu-
tral exchange of unlabeled and labeled urate. Insofar as the
demonstration of accelerated homeoexchange diffusion is de-
pendent on the presence of a carrier protein [36], these findings
strongly suggest that urate uptake in rabbit BBMV represents,
at least in part, a carrier-mediated process. Kinetic studies,
depicted in Figure 6, confirmed this conclusion. Non-linear
regression analysis of the kinetic data (N = 3) revealed that
total uptake represented the sum of saturable (carrier-mediated)
and non-saturable transport (Fig. 6A). The apparent affinity
(Km) of the saturable transporter was 9.0 1.5 M, the
maximal velocity (Ymax) of the carrier was 5.8 1.0 pm/mg
protein/sec. and the diffusion constant (Kd) was 0.21 0.01
pd/mg protein/sec. [In two additional studies, kinetics were
assessed at higher urate concentrations (90 to 880 M) to
determine if the non-saturable component could represent a
high Km carrier. Over this range of concentration uptake was
linearly related to substrate concentration, without evidence of
saturation, indicating that if a second carrier was present, it
would have to have a Km > 880 /LM].
Although clearly accelerated by urate in the trans position,
uptake was neither trans stimulated nor inhibited in vesicles
preloaded with alternate organic anions [1.0 mat PZA (N 2) or
1.0 mM oxonate (N = 2)1. As trans stimulation may have been
obscured if urate uptake was simultaneously inhibited by the
0.05 mM PZA or oxonate that was present in the cis position (by
dilution), paired studies were performed in unloaded vesicles
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with and without these substrates in the cis position only. Urate
uptake was significantly cis inhibited at one minute, but similar
steady-state uptake levels were ultimately achieved in the
presence and absence of 0.025 mM oxonate (Fig. 7). In the
presence of a higher oxonate concentration (0.1 mM), uptake
was more inhibited and steady-state uptake was reduced: this
effect was mimicked by 0.5 ms.t PZA (Fig. 7). The inhibition of
the rate, but not the final steady-state urate uptake level by
0.025 m oxonate indicates that oxonate inhibits urate trans-
port. The reduction in steady-state urate uptake levels at higher
concentrations of oxonate and PZA suggests that these sub-
strates may also displace urate from external binding sites.
However, the bound fraction was indistinguishable in the
absence and presence of 0.1 mst oxonate. [In vesicles shrunken
at time zero, binding was 23.6 5.4% in the presence of
oxonate (N = 3) and 22.6 1.9% in its absence; in vesicles that
accumulated urate for 10 mm prior to shrinkage, binding was
38.8 3.9% and 38.3 1.7% in the presence and absence of
oxonate, respectively (N 3)1. Since these data indicate that
Fig. 6. Kinetic analysis of [2-'4CJ urate
uptake in Cu-exposed vesicles in media
containing 5.3 to 175.4 /SM urate. Data
represent the mean SE of 3 paired studies
1 a7 performed in the absence (•) and presencelAM (0) of 0.1 msi oxonate; where not depicted,
the SE was included within the space of the
symbol. (A) Woolf-Augustinsson-Hofstee
representation of the data. The intercepts of
the vertical lines on the X axis represent the
54 M diffusion constants (Ku). The intercepts of the
diagonal lines on the Y axis represent Vmax;
their slopes represent Km for urate, The solid
I A lines depict data obtained in the absence of
lAM oxonate; the interrupted lines, data in the
presence of 0.1 msi oxonate. (B) Slopes of
urate uptake at 3 representative urate
concentrations in the absence (solid lines) and
presence (interrupted lines) of 0.1 ms
oxonate.
external binding was not affected, the reduction in steady-state
urate uptake must reflect a decrease in urate transport. In
studies employing the fluorescent, potential sensitive probe
diS-C3-(5), oxonate failed to collapse the inside positive mem-
brane potential that was generated with K and valinomycin
(not depicted). This finding indicates that the oxonate induced
decrease in steady-state urate uptake (Fig. 7) cannot be as-
cribed to a reduction in the electrical driving force for urate
uptake.
The mechanism(s) by which 0.1 mrvi oxonate cis inhibits urate
uptake was further evaluated in kinetic studies. Oxonate de-
creased the rate of urate uptake (the slope) without significantly
changing initial urate binding (the intercept) (Fig. 6B). Non-
linear regression analysis revealed that oxonate reduced total
urate uptake by significantly inhibiting the non-saturable com-
ponent of uptake (Kd = 0.11 0.03 vs. 0.22 0.01 j.d/mg
protein/sec in 3 paired studies with and without oxonate,
respectively); the Km and Vmax of the saturable component of
transport were not significantly affected (Fig. 6A). In additional
paired kinetic studies in which 10 second uptakes were utilized,
0.1 mM oxonate (N = 4) and 0.5 mti PZA (N = 4) similarly
inhibited the non-saturable component, but did not affect the
Km or Vmax of the saturable component of urate uptake (not
depicted). In these same studies, a higher oxonate concentra-
tion (2.0 mM) reduced total uptake at 10 seconds to levels below
the saturable component of transport observed in uninhibited
vesicles (Fig. 8). Thus, these alternate organic anions inhibit
both non-saturable and saturable (carrier-mediated) urate trans-
port, but the latter effect is only evident at concentrations
higher than that required to inhibit the non-saturable path.
Discussion
The present studies have demonstrated that brush-border
membranes of rabbit proximal tubules possess a urate trans-
porter that is unmasked by supplementing the membranes with
copper (Fig. 1). Urate transport is Nat-independent, but sen-
sitive to the membrane potential (Figs. 3 and 4), significantly
stimulated by urate in the trans position (Fig. 5) and cis-
inhibited by alternate organic anions (Fig. 7). Kinetic analysis
revealed that transport was, in part, consequent to a non-
saturable pathway that could be inhibited by other organic acid
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Fig. 7. Relative [2-'4CJ urate uptake in paired Cu-exposed vesicles
in the absence (black bar) and presence of 0.025 mM oxonate (single
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Fig. 8. Michaelis-Menten representation of the carrier mediated com-
ponent (I)of(2-'4CJ urate uptake at JO seconds in media containing 8.0
to 130.5 urate in the absence of inhibitor, and total [2-'4C1 urate
uptake (0) in the presence of2.0 m oxonate. Data represent the mean
SE of 8 paired studies; where not depicted, the SE was included within
the space of the symbol.
anions (Figs. 6 and 8). In view of the inhibitory effects of PZA
and oxonate, simple diffusion can be excluded as the mecha-
nism for non-saturable urate transport since the magnitude of
simple diffusion should be independent of the presence of other
substrates. Rather, a specific channel-like urate transporter (as
previously proposed [20]) with affinity for PZA and oxonate
must be implicated.
A second component of urate transport that was revealed by
kinetic analysis was a high affinity carrier that displayed clas-
sical Michaelis-Menten kinetics (Figs. 6 and 8). Although not
inhibited at low concentrations of PZA and oxonate, the carrier
was inhibited at higher oxonate concentrations (Fig. 8). It is of
note that a saturable urate transport mechanism has not previ-
ously been demonstrated in rabbit renal brush-border mem-
branes. Three laboratories have employed brush-border vesi-
des to attempt to elucidate the mechanisms by which urate is
translocated across the luminal membrane of rabbit proximal
tubules: all indicated that urate uptake is non-saturable [18—20].
[It is of note that these studies examined the kinetics of urate
transport over a range of substrate concentrations [50 sM to 2
mM [19], 40 p.M to 5 mM [18], and 240 p.M to 1.05 mM [20] that
greatly exceeded those used in the present study]. It seems
unlikely that the prior failure to detect a saturable urate
transporter [18—20] can be ascribed to disparate membrane
properties that result from differences in preparative techniques
[29, 37—39] since the Mg + aggregation method used in the
present study was presumably identical to that used by Mar-
tinez et al [20]. Rather, it appears that exposing the membranes
to Cu + was the significant maneuver that allowed an intrinsic
urate carrier to be activated or unmasked. It is of note that
detection of the urate uniporter in rat [1] also required Cu ,
albeit a lower concentration. This difference in responsiveness
to Cu could represent intrinsic differences in the rat and
rabbit transport proteins. Alternatively, the absence of Mg + in
rat membranes [1] but presence in rabbit could modulate the
sensitivity of the transporters to Cu
In rat, Cu + activation of the urate transporter was invari-
ably associated with the oxidation of a considerable fraction of
transported urate U, 2]. The close association between trans-
port and oxidation prompted the suggestion that membrane-
associated uricase might be the urate carrier [1, 2]. It was
presumed, although not proven, that oxidation was not required
for transport; rather, it was suggested that oxidation was merely
an epi-phenomenon indicative of the presence of a unease-like
protein. In so far as urate transport and oxidation have been
temporally dissociated in rabbit vesicles (perhaps a result of an
inhibitory effect of Mg + on enzymatic activity) the present
studies support the concept that the detection of oxidation
merely signals the presence of a protein with similarities to the
cuproprotein uricase, the only protein known to oxidize urate
[40]. Since rabbit renal peroxisomes lack uricase [41], the fact
that a small fraction of transported urate was oxidized suggests
that rabbit brush-border membranes, like those of rat, contain a
unease-like protein. Moreover, since unease can function as a
urate transport protein when inserted in the bilayer of lipo-
somes [42], it seems possible that this protein might serve as the
classical and/or channel-like urate carrier of rabbit brush-border
membranes. Consistent with this proposal is the observation
that oxonate, a known inhibitor of uricase [43], affected both
modalities of urate transport (Figs. 6 and 8).
The magnitude of uptake in Cu ÷activated vesicles was such
that the concentration of urate in the intravesicular fluid far
exceeded that in the media (Figs. 1 and 3). Since membrane
vesicles are devoid of a source of chemical energy to induce or
sustain concentrative uptake, it must be assumed that electro-
chemical equilibrium was achieved. In view of the observed
sensitivity of urate uptake to the membrane potential (Figs. 3
and 4), and the reported effects of Cu on ionic K [35] and
C1 permeability [32], it is suggested that cationic diffusion
potentials as well as a Cu -induced H diffusion potential can
provide the energy for concentrative uptake. Such diffusion
potentials are likely to provide the driving force for urate
transport via the channel-like carrier. Moreover, as the magni-
tude of the saturable component of transport (at urate concen-
trations of 50 p.M or less) similarly exceeded that which would
be expected at chemical equilibrium (Fig. 8) it is suggested that
the classical carrier is also sensitive to the membrane potential.
In this context, transport on the classical carrier can be defined
as electrogenic.
Urate is both reabsorbed and secreted in the rabbit proximal
tubule [5—13]. Although secretion has been ascribed to passive
diffusion from cell to tubular lumen [5—7, 9, 12—17], the present
studies as well as those of Martinez et al [20] suggest an
alternate mechanism. The lumen of the late proximal tubule is
electropositive with respect to the cell and basolateral environ-
ment [44]. Thus, the lumen positive P.D. can serve as a driving
force for secretion, against a chemical gradient, on the brush-
border membrane electrogenic channel-like and classical urate
carriers. The lumen of the early proximal tubule is similarly
electropositive with respect to the cell, but electronegative
relative to the basolateral environment [44]. Despite a P.D. that
favors secretion, urate is reabsorbed in the Sl segment of the
rabbit tubule [11, 13]. Reabsorption might be accomplished by
a transporter that was not influenced by the P.D., an electro-
neutral urate/anion antiporter, but this mode of transport has
not been detected in rabbit brush-border membranes [20, 21].
These observations have made it difficult to model a mechanism
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for urate reabsorption. However, the finding of urate carriers in
rabbit brush-border membranes suggests at least two models for
reabsorption. In one, urate would be secreted by early proximal
tubule cells via electrogenic carriers in brush-border mem-
branes. Secreted and filtered urate would then backflux across
the tight junctions and paracellular pathway due to the favor-
able transepithelial potential to result in net reabsorption. A
second model can be hypothesized on the basis of the juxtapo-
sition of urate carriers and Na-substrate cotransporters in the
brush-border membranes of early proximal tubules. Although
the cell is macroscopically electronegative with respect to the
lumen, current carrying Na-glucose and Na-neutral amino
acid cotransport significantly depolarize proximal tubule cells
[45]. If the Na current creates intracellular subapical microen-
vironments of electropositivity relative to the lumen, then such
currents may be adequate to drive the urate carriers to effec-
tively reabsorb urate at this nephron site. (If inadequate to drive
reabsorption, cell depolarization would diminish secretory
urate flux and reduce the magnitude of paracellular flux re-
quired to produce net reabsorption.) Clearly, both models must
remain speculative until it can be determined whether the
permeability of the tight junction, in combination with the
transepithelial potential, is adequate to quantitatively account
for urate reabsorption via the paracellular pathway and/or the
presence of luminal urate is capable of short-circuiting the
current carried across the luminal membrane by Na-glucose
and/or amino acid cotransport.
In view of the presence of two modes of urate transport in
rabbit brush-border membranes, the classical and channel-like
carriers may be distinct transport proteins. Since membrane
vesicles derive from the length of the proximal tubule these may
not be independent proteins, side by side in each vesicle, but
each may reside in separate vesicles representative of different
anatomical sites along the proximal tubule. Alternatively, it is
important to note that a body of evidence has accumulated to
suggest that conformational changes can significantly modify
the transport properties of a single protein [46]. Indeed, it has
been suggested that a transport protein with characteristics of a
classically defined carrier can quite readily assume a different
configuration that then provides the protein with the properties
of a gated channel [46]. Such configurational changes have been
proposed as the mechanism by which a reduction in external pH
converts the Na-glutamate cotransporter from a classical to
channel-like carrier [47, 48]. In this context, it thus seem
equally reasonable to speculate that the classical and channel-
like urate transporters may represent different physical config-
urations of a single protein. As the current studies were not
designed to distinguish between these possibilities, it remains to
be determined whether one or more proteins are responsible for
the translocation of urate across rabbit proximal tubule apical
membranes.
In summary, the present studies have provided the first
evidence of a saturable, classical carrier-mediated urate trans-
porter in rabbit renal brush-border membranes. A second
channel-like carrier, similar to that previously reported [20] has
also been detected. Based on the detection of these carriers it is
proposed that urate is transported across the luminal membrane
of rabbit proximal tubules via facilitated, electrogenic transport
processes and not merely by simple diffusion as previously
proposed.
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